1. IFs characteristics and biological role
==========================================

The cytoskeleton must be rigid to support the cell shape, resist mechanical stresses, and anchor organelles in place. There are four components of the cytoskeleton in vertebrate cells: filamentous actin (microfilaments), microtubules, septins, and intermediate filaments (IFs).^[@r01])^ It is widely recognized that IFs greatly contribute to the regulation of cell structure and function in coordination with microfilaments and microtubules.^[@r02]--[@r15])^ Microfilaments and microtubules are composed of homogeneous globular proteins named actin and tubulin, respectively. Septins are capable of self-association, polymerizing into long apolar filaments.^[@r16],[@r17])^ IFs comprise a heterogeneous protein family with five major types (I--V) and one atypical type (VI).^[@r08]--[@r11])^ Types I and II IFs are composed of acidic keratin and neutral-basic keratin, respectively. In humans, these keratins are encoded by 28 and 26 genes, respectively, and are mainly expressed in epithelial cells. Type III IFs comprise vimentin typically expressed in mesenchymal cells, desmin expressed in muscular cells, glial fibrillary acidic protein (GFAP) expressed in astrocytes, and peripherin expressed in peripheral neurons. Type IV IFs include neurofilaments (NF-L, NF-M, and NF-H) and α-internexin expressed in neurons, and nestin expressed in neural stem cells. Type V IFs are composed of lamin A/C, B1, and B2 with ubiquitous expression. Type VI IFs include filensin and phakinin. Except for type V IFs localized on the inner aspect of the nuclear membrane, all other IFs are localized in the cytoplasm.

Types I--V IFs have similar tripartite structures, with an amino-terminal head domain, a central rod domain, and a carboxyl-terminal tail domain.^[@r02]--[@r13])^ The head and tail domains are variable among the types, whereas the rod domain is relatively conserved. Cytoplasmic IFs form dimers through binding of their rod domains aligned in parallel. Keratins form type I--type II heterodimers, whereas other IFs typically form homodimers. Two dimers form a tetramer in an approximately half-staggered manner through the rod domains aligned in an antiparallel orientation. Eight tetramers are aligned laterally to form a unit-length filament (ULF). The ULFs anneal end-to-end to form a non-polar structure in a nucleotide-independent manner. These processes differ from those of microfilaments and microtubules, which require ATP-bound and GTP-bound monomers, respectively, for polymerization and form polar structures wherein polymerization of F-actin and tubulin preferentially occurs at one end with depolymerization at the other end. IF precursors, composed of particles with one or a few ULFs and squiggles formed by joining of several particles, are distributed throughout the cells, and transported on either microtubules or microfilaments. The underlying mechanisms have been elucidated in some cases. For example, the movement of vimentin, peripherin, and NF proteins is mainly dependent on microtubules,^[@r18]--[@r22])^ whereas the movement of keratin proteins is mainly dependent on microfilaments.^[@r23])^ IF precursors join together to create non-polar filaments that form extensive networks throughout the cytoplasm. Typically, vimentin filaments form a mesh-like network, whereas keratin filaments form bundles designated tonofibrils.^[@r12])^ The typical lengths of vimentin and keratin are 0.3--0.65 µm and 0.4--2.1 µm, respectively.^[@r24])^ The contour lengths are about 10--20 µm in both vimentin and keratin filaments.^[@r12])^ Their extensibility is 280% for keratins and 300% for vimentins.^[@r12])^ These features of cytoplasmic IFs greatly contribute to cellular elasticity and stiffness, which support the cell shape and provide resistance against mechanical stresses.^[@r25])^ The cytoplasm of fibroblasts expressing vimentin is stiffer and more resistant to compressive stress than that of vimentin-null fibroblasts.^[@r26],[@r27])^ Keratin works as the main component for the stiffness of keratinocytes.^[@r28],[@r29])^ Type V IFs form the lamina on the inner side of the nuclear envelope and provide mechanical integrity for the nucleus.^[@r30])^

Cytoplasmic IFs interact with various intracellular organelles, including the nucleus, mitochondria, endoplasmic reticulum, Golgi complex, lysosomes, ribosomes, and centrosome.^[@r13],[@r31],[@r32])^ Cytoplasmic IFs connect the nucleus to the cell cortex through Plectin 1 and Nesprin 3 and regulate nuclear size and shape, nuclear movement and position, and potentially gene expression.^[@r13],[@r33])^ Vimentin associates with mitochondria through binding to Plectin 1b to regulate the mitochondrial shape.^[@r13],[@r34])^ Vimentin interacts with the Golgi complex by binding to peripheral Golgi protein formiminotransferase cyclodeaminase (FTCD) and molecule interacting with CasL (MICAL), which are connected to the Golgi complex through interactions with small G protein Rab1, to regulate the Golgi organization and anterograde transport.^[@r13],[@r31])^ Cytoplasmic IFs are anchored to desmosomes at sites of cell--cell interaction and hemidesmosomes at sites of cell--matrix adhesion through interactions with desmoplakin at desmosomes and Plectin 1a and BPAG1 at hemidesmosomes.^[@r13],[@r35])^ K5/K14 inhibit phosphorylation of desmoplakin by protein kinase C (PKC), resulting in the stabilization of desmosomes.^[@r36])^ In contrast, K6/K17 stimulate phosphorylation of desmoplakin through PKC, resulting in disassembly of desmosomes.^[@r37])^ Cytoplasmic IFs stabilize and induce maturation of focal adhesions through binding to integrins with or without IF-associated proteins such as Plectin 1f and focal adhesion kinase.^[@r38],[@r39])^ Focal adhesions also promote the assembly and organization of IFs, suggesting that cytoplasmic IFs and focal adhesions are bidirectionally regulated.^[@r13])^

2. Post-translational modifications regulate IFs assembly and disassembly
=========================================================================

The soluble cytosolic pool for IFs is much smaller than those for microfilaments and microtubules.^[@r03],[@r04])^ Therefore, IFs were regarded as static cellular structures until the late 1970s. However, it was gradually revealed that vimentin existed in both phosphorylated and unphosphorylated forms in various cells^[@r40],[@r41])^ and that phosphorylation was increased when vimentin underwent redistribution in cells.^[@r42],[@r43])^ These findings led researchers to hypothesize that phosphorylation of IFs may stimulate disassembly of IFs.^[@r44])^ The first direct evidence to support this hypothesis was obtained by us^[@r02])^ in 1987. We found that vimentin filaments reconstituted *in vitro* were completely disassembled when vimentin was phosphorylated by protein kinase A (PKA) or PKC. We also demonstrated that the phosphorylation sites differed between PKA and PKC. Since then, a variety of protein kinases have been identified to regulate the assembly and disassembly of IFs.^[@r03]--[@r13],[@r45]--[@r48])^ In general, the head domains of IFs, which are composed of many basic residues, are positively charged and play a key role in IF assembly. Subsequent phosphorylation at serine/threonine residues in the head domains can change the charge, resulting in disassembly of IFs by promoting IF solubility.^[@r03],[@r04],[@r49])^ This is the case for phosphorylation of vimentin by PKA, PKC, Ca^2+^/calmodulin-dependent protein kinase II (CaMKII), and Cdk1 kinase,^[@r50]--[@r53])^ phosphorylation of GFAP by PKA, PKC, and CaMKII,^[@r54],[@r55])^ phosphorylation of desmin by PKA, PKC, and Cdk1 kinase,^[@r56]--[@r58])^ phosphorylation of K8 by PKA, p38, and JUN kinase,^[@r59]--[@r61])^ and phosphorylation of NF-L by PKA and PKC^[@r62],[@r63])^ observed both *in vitro* and in cells.

In some cases, phosphorylation of IFs can promote their formation and increase their stability. Phosphorylation at Lys-Ser-Pro motifs located in the tail regions of NF-M and NF-H increases the stability of filaments in the axon.^[@r64])^ Phosphorylation of NF in the head region promotes the formation of filaments in the soma of neurons.^[@r64],[@r65])^ A highly conserved tyrosine residue in the rod domain of K8 (Tyr267) promotes insolubility of keratin and formation of keratin filaments in cells.^[@r66])^

In addition to phosphorylation, various post-translational modifications (PTMs) regulate the assembly and disassembly of IFs.^[@r05]--[@r13])^ Sumoylation at Lys201 in lamin A/C stabilizes the formation of lamin filaments in the inner nuclear envelope membrane.^[@r67])^ Mutations causing defects in sumoylation at Lys201 are associated with dilated cardiomyopathy.^[@r68])^ Lys207 in K18 and Lys208 in K19 are hypersumoylated by oxidative and apoptotic stresses, and consequently stimulate the formation of keratin filaments in cells and *in vivo*.^[@r69])^ Phosphorylation can also affect sumoylation. Phosphorylation at Ser74 in K8 stimulated sumoylation at Lys285 and Lys364 in K8, possibly by facilitating access of the sumoylation machinery to these regions.^[@r69])^ Lys207 in K18 is also a target of acetylation.^[@r70])^ Acetylation at Lys207 in K18 promotes the formation of keratin filaments at the perinuclear region.^[@r71])^

3. Phosphorylated IFs can be detected using site- and phosphorylation state-specific antibodies
===============================================================================================

There are several ways to analyze the phosphorylation of IFs, including labeling of cells with radioactive phosphate, two-dimensional mapping of phosphorylated and unphosphorylated IFs, and mass spectrometry of IFs.^[@r05],[@r06])^ However, these methods require cell lysis, making it difficult to analyze the spatiotemporal phosphorylation of IFs in cells. In 1991, we demonstrated that site- and phosphorylation state-specific antibodies could be efficiently generated by immunization with phosphorylated polypeptides (corresponding to a phosphorylated residue and its surrounding residues) as antigens.^[@r72],[@r73])^ We have used these site- and phosphorylation state-specific antibodies to visualize the spatiotemporal regulation of phosphorylation in IFs, including vimentin, keratin, desmin, GFAP, α-internexin, and neurofilament IFs, through various kinases in cells.^[@r05],[@r52],[@r54],[@r58],[@r62],[@r72]--[@r88])^ For example, we generated four antibodies that could selectively recognize phosphorylation at Thr7, Ser8, Ser13, and Ser38 in GFAP. Using these antibodies, we demonstrated that Ser8 was phosphorylated by Cdk1 throughout the cytoplasm from prometaphase to metaphase, whereas Thr7, Ser13, and Ser38 were phosphorylated by Rho-associated kinase (RhoK) associated with the plasma membrane and Aurora B kinase (AurB) at the spindle midzone from anaphase to telophase.^[@r72],[@r73],[@r77]--[@r79],[@r84])^ Similarly, antibodies raised against various phosphopeptides from vimentin were successfully used to reveal the mechanisms for how phosphorylation of vimentin stimulates cell proliferation (discussed later). This method can also be applied to the generation of antibodies that recognize PTMs other than phosphorylation.^[@r05],[@r06],[@r86],[@r89])^ Furthermore, antibodies against aberrant PTMs can be used as diagnostic and prognostic tools.^[@r07])^ These antibodies can also be used to assess the effects of therapeutic drugs such as kinase inhibitors that target aberrant PTMs.^[@r07])^

4. IFs regulate cellular homeostasis through interactions with IF-associated proteins
=====================================================================================

IFs exert their function through interactions with not only structural proteins but also non-structural proteins involved in cell signaling, such as those associated with stress responses, apoptosis, and cell proliferation.^[@r05],[@r06],[@r09],[@r11]--[@r13],[@r90],[@r91])^

IFs are affected by various stresses, including mechanical, physical, chemical, and microbial stresses.^[@r13])^ These stresses stimulate phosphorylation of Ser73 in K8 by p38 and JUN kinase, thereby increasing the affinity of K8 for 14-3-3 and PKC, resulting in keratin filament remodeling and substantial increases in network elasticity.^[@r92],[@r93])^ Heat shock proteins (HSPs) are also involved in IF-mediated protection against stresses.^[@r94])^ We identified Mrj, a DnaJ/Hsp40 family protein, as a novel binding protein for K18 using a two-hybrid system.^[@r95])^ We found that Mrj bound to K18 through its C-terminal region, and also bound to the constitutively expressed Hsp/c70, already identified as a binding protein for K8/K18,^[@r96])^ *via* its N-terminal region. Microinjection of an anti-Mrj antibody induced disorganization of K8/K18 filaments, but not microfilaments or microtubules, suggesting that Mrj may stabilize K8/K18 filaments by working as a chaperone with Hsp/c70.^[@r95])^ These interactions between IFs and HSPs play important roles in the protection of cells against various stresses.^[@r94])^

Activation of caspases can lead to collapse of the IF network, because many IFs and IF-associated proteins such as desmoplakin and plectin contain caspase cleavage sites.^[@r14],[@r97])^ IFs have several mechanisms to protect cells against apoptosis.^[@r13])^ We identified tumor necrosis factor (TNF) receptor (TNFR) 1-associated death domain protein (TRADD), an indispensable adaptor molecule for TNFR signaling, as a novel binding protein for K18 through the central rod domain.^[@r98])^ Overexpression of a K18 fragment containing the TRADD-binding domain rendered the cells more resistant to TNF-induced apoptosis, suggesting that resistance of epithelial cells to TNF-induced apoptosis may arise at least in part through the interaction of K18 and TRADD, which sequesters TRADD to attenuate its interaction with activated TNFR signaling.^[@r98],[@r99])^ K8 also suppresses TNF-induced apoptosis through interaction with TNFR2.^[@r31])^ K8 and K18 suppress the delivery of Fas to the plasma membrane, which can inhibit Fas-mediated apoptosis.^[@r31])^ Interactions of K8/K18 with cellular FLICE inhibitory protein (cFlip) and Raf1 inhibit both TNF-mediated and Fas-mediated apoptosis.^[@r100]--[@r102])^

Furthermore, IFs regulate cell proliferation through interactions with IF-associated proteins. Phosphorylation of RSX\[pS/pT\]XP motifs in IFs, including K17, K18, and vimentin, increases association between IFs and 14-3-3 and affect cell proliferation.^[@r07],[@r103]--[@r106])^ Phosphorylation of Ser34 in K18 promotes binding to 14-3-3 and stimulates mitosis through activation of 14-3-3 signaling in the cytosol.^[@r105])^ Phosphorylation of Thr9 and Ser44 in K17 promotes cell growth through activation of mammalian target of rapamycin *via* 14-3-3 during wound healing in epithelial cells.^[@r106])^ Phosphorylation of Ser39 in vimentin by AKT inhibits Beclin1 through 14-3-3, and leads to inhibition of autophagy, resulting in stimulation of tumorigenesis.^[@r107])^ Phosphorylation of vimentin stimulates mitosis by activating signaling cascades including various kinases.^[@r02]--[@r06],[@r80],[@r83],[@r108]--[@r116])^ Keratin-associated proteins regulate cell proliferation by regulating primary cilium formation.^[@r47],[@r117]--[@r125])^ In the following sections, we will focus on these last two topics.

5. IF structure is regulated by phosphorylation cascades during mitosis
=======================================================================

Since the pioneering work showing that phosphorylation of vimentin filaments by PKA or PKC stimulates disassembly of vimentin filaments,^[@r02])^ extensive studies have been performed to reveal how phosphorylation of vimentin is regulated and involved in cell proliferation. From prometaphase to metaphase, Ser41 and Ser55 in vimentin are phosphorylated by Cdk1.^[@r51],[@r108])^ Phosphorylation of Ser55 by Cdk1 stimulates the activity of Polo-like kinase 1 (Plk1) through interaction with the Polo-box domain, resulting in the phosphorylation of Ser82 in vimentin and disassembly into non-filamentous vimentin particles until the end of mitosis.^[@r52],[@r108],[@r112])^ During metaphase and anaphase, PKC phosphorylates Ser33 and Ser50 in vimentin.^[@r126])^ From anaphase to telophase, RhoK and AurB phosphorylate Ser71 and Ser72 in vimentin, respectively.^[@r80],[@r83],[@r109],[@r110])^ Phosphorylation of Ser71 by RhoK inhibits the formation of vimentin filaments *in vitro*.^[@r80])^ Furthermore, phosphorylation of vimentin by Cdk1, Plk1, and PKC during mitosis is observed throughout the cytoplasm.^[@r52],[@r108],[@r112])^ In contrast, phosphorylation of vimentin by RhoK and AurB is specifically observed at the cleavage furrow.^[@r05],[@r06],[@r83])^ AurB is activated by phosphorylation at Thr232. Mutation of Thr232 to Ala leads to the presence of multinucleated cells, as also observed following overexpression of vimentin with mutations at the sites phosphorylated by AurB.^[@r111])^

To validate the functional importance of vimentin phosphorylation during mitosis, we generated expression vectors to express mutated vimentin proteins in which the Ser or Thr residues phosphorylated by Cdk1, Plk1, PKC, RhoK, and AurB were changed to Ala. We transfected the expression vectors into type III IF-deficient T24 cells, a urinary bladder carcinoma cell line.^[@r83],[@r110],[@r112],[@r127])^ We found that unusual long bridge-like IF structures, designated IF-bridges, occurred during cytokinesis. The formation of IFs during interphase was not impaired. Of note, the IF-bridge phenotype was also caused by GFAP mutant proteins in which Thr7, Ser13, and Ser38, phosphorylated by both RhoK and AurB, were mutated to Ala.^[@r79],[@r127])^ This was also the case for desmin mutant proteins, in which the phosphorylation sites for RhoK and/or AurB were changed to Ala or Gly.^[@r84],[@r128])^ The results suggested that RhoK and AurB may regulate cleavage furrow-specific phosphorylation and segregation of type III IFs during cytokinesis.^[@r05],[@r06])^

IF-bridges are associated with two outcomes.^[@r129])^ In the first, IF-bridges are torn apart, presumably by cell adhesion traction forces, to allow completion of cytokinesis. In the second, cytokinesis fails to occur, resulting in tetraploidy. To analyze the effects of cytokinesis failure caused by phosphodeficient vimentin *in vivo*, we generated mutant mice in which vimentin could not be phosphorylated by RhoK, AurB, Cdk1, or Plk1.^[@r113])^ VIM^SA/SA^ mice homozygous for the mutation exhibited microphthalmia and cataract. A significant increase in the number of mice showing tetraploidy in their vimentin-expressing cells was also observed in VIM^SA/SA^ mice. Meanwhile, VIM^WT/SA^ mice heterozygous for the mutation did not show any abnormal phenotype in their appearance.

Tetraploidy can cause chromosomal instability, thus providing a route to aneuploidy and contributing to the development of aging and cancer.^[@r129],[@r130])^ Loss of the tetraploidy checkpoint and subsequent catastrophic mitosis may lead to the generation of aneuploid cells. In fact, the expression of senescence-related genes was significantly increased in VIM^SA/SA^ mice.^[@r113])^ Tetraploid cells continue to proliferate and generate aneuploidy, which is associated with tumorigenesis and senescence.^[@r129])^ Taken together, a timely succession for phosphorylation of vimentin is one of the key mechanisms involved in the regulation of cell proliferation and aging (Fig. [1](#fig01){ref-type="fig"}).

6. Cell proliferation is regulated by trichoplein, a keratin-associated protein, through the primary cilium
===========================================================================================================

Using two-hybrid systems, we identified trichoplein (TCHP) as a novel binding protein for various keratins, including K18, K16, K14, K8, K6a, and K5.^[@r117])^ TCHP contains a domain with a low degree of sequence similarity to trichohyalin and plectin, designated the trichohyalin/plectin homology domain (TPHD). In polarized epithelial cells, TCHP colocalizes with K8/K18 filaments in the apical region and is also concentrated at desmosomes, suggesting its involvement in the organization of the apical network of keratin filaments and desmosomes in simple epithelial cells.^[@r117])^

Keratin filaments not only associate with desmosomes and hemidesmosomes at the plasma membrane but also extend into the cytoplasm to provide a scaffold for other cytoskeletal elements including the centrosome and microtubules.^[@r131]--[@r134])^ Plectin can associate with IFs, microfilaments, and microtubules.^[@r135]--[@r137])^ Thus, TCHP may localize with cytoskeletal elements such as the centrosome through the TPHD in certain conditions, because the centrosome is associated with IFs, microfilaments, and microtubules.^[@r138]--[@r140])^ We found that expression of TCHP is concentrated in desmosomes and centrosomes in polarized and mitotic cells, respectively.^[@r117],[@r118])^ In proliferating cells, TCHP is localized at the distal to subdistal ends of the mother centriole through binding to the centrosomal proteins Odf2 and ninein.^[@r118])^

In most non-dividing cells, the centrosome moves to the cell surface where the mother centriole differentiates into a basal body to nucleate a cilium.^[@r47],[@r120],[@r123],[@r125])^ A primary cilium is found in most types of quiescent vertebrate cells. Many proteins are involved in assembly and maintenance of the primary cilium.^[@r125])^ We found that TCHP was expressed in the mother centriole, but not in the basal body as the nucleation site for the primary cilium.^[@r119])^ Based on these findings, we hypothesized that TCHP may function as a suppressor of primary cilium assembly. We subsequently demonstrated that exogenous expression of TCHP inhibited primary cilium assembly in serum-starved cells, whereas knockdown of TCHP induced primary cilium assembly in serum-fed cells.^[@r119])^ We further found that TCHP bound to and activated Aurora A kinase (AurA) at the centrosome and that binding to AurA was required for suppression of primary cilium assembly by TCHP.^[@r119])^ The downstream targets of AurA that regulate primary cilium assembly remain largely unknown.^[@r125])^

Knockdown of TCHP or AurA induced primary cilium assembly and G0/G1 arrest in serum-fed cells, whereas these effects were prevented when primary cilium formation was blocked by simultaneous knockdown of IFT20, suggesting that the primary cilium works as a brake for cell cycle progression. In fact, primary cilia are lost in a wide range of cancers.^[@r47],[@r120],[@r123],[@r125])^ Therefore, it is very important to elucidate the mechanisms that regulate the expression of TCHP, which functions as a suppressor of primary cilium assembly, to clarify the underlying molecular mechanism for tumor cell proliferation and facilitate the development of novel treatment strategies against cancer.^[@r47],[@r120],[@r123],[@r125])^

Given that TCHP was stabilized by proteasome inhibitors in serum-starved RPE cells, we performed global screening of E3 ligases and identified potassium channel tetramerization domain-containing 17 (KCTD17), which is associated with the scaffold protein Cullin 3 (Cul3) and RBX1 in an E3 ligase complex called CRL3^KCTD17^, as an E3 ligase that can polyubiquitinate TCHP.^[@r121])^ However, the activity of CRL3^KCTD17^ remained constant regardless of the presence or absence of serum, leading us to hypothesize the existence of deubiquitinases (DUBs) that can deubiquitinate TCHP in a serum-dependent manner. Through global screening of DUBs, we identified ubiquitin-specific peptidase 8 (USP8) as a DUB that can stabilize TCHP. We also demonstrated that USP8 was activated by EGFR tyrosine kinase through phosphorylation of Tyr717 and Tyr810.^[@r124])^ Knockdown of EGFR or USP8 suppressed the TCHP-AurA pathway, induced unscheduled ciliogenesis, and caused cell cycle arrest of RPE1 cells, even in the presence of serum.^[@r124])^ These effects were inhibited when ciliogenesis was abrogated by depletion of IFT20 or CEP164.^[@r124])^ The findings suggested that EGF signaling regulates not only the well-known kinase cascades, such as the mitogen-activation protein kinase and PI3K-AKT cascades, but also primary cilium dynamics. RTK signaling is frequently activated in cancer cells.^[@r141],[@r142])^ EGFR family receptors are amplified and/or mutated in a variety of human tumors, including glioma, non-small-cell lung carcinoma, breast cancer, gastric cancer, and ovarian cancer.^[@r143],[@r144])^ Amplification or mutation of EGFR family receptors can lead to overexpression and/or constitutive activation of EGFR signaling in these tumor tissues.^[@r143]--[@r145])^ The finding that activation of EGFR suppresses ciliogenesis through activation of the USP8-TCHP-AurA pathway provides a novel explanation for the loss of primary cilia frequently observed in cancer cells with aberrant RTK signaling^[@r121],[@r124])^ (Fig. [2](#fig02){ref-type="fig"}). In 1979, Tucker *et al.* found that primary cilia were assembled when cultured mouse 3T3 fibroblasts exited the cell cycle under serum deprivation (*i.e.*, G0 phase).^[@r146],[@r147])^ They also reported that when the quiescent fibroblasts were stimulated with serum, primary cilia were disassembled after the serum stimulation.^[@r146],[@r147])^ Deciliation after serum stimulation corresponded to the G0/G1 transition.^[@r148])^ Our findings provide a molecular basis for the regulation of cell cycle through assembly and disassembly of primary cilia in response to growth factors.

We also hypothesized that proteins with a TPHD may have similar functions to TCHP. By searching a public database, we found that Albatross (also known as Fas-binding factor 1) and nudE-like 1 (Ndel1) may possess a TPHD.^[@r122],[@r149])^ Both Albatross and Ndel1 can bind to IFs, actin, and/or microtubules, are concentrated in desmosomes and the centrosome in polarized and mitotic cells, respectively, and regulate primary cilium assembly.^[@r122],[@r149]--[@r157])^ Of note, Ndel1 suppresses ciliogenesis,^[@r122])^ whereas Albatross induces ciliogenesis.^[@r153])^ Ndel1 acts as an upstream regulator of the TCHP-AurA pathway for suppression of ciliogenesis.^[@r122])^ Ndel1 indirectly inhibits the ubiquitination of trichoplein by CRL3^KCTD17^ and suppresses ciliogenesis in the presence of serum, while Ndel1 is degraded *via* the ubiquitin-proteasome system in the absence of serum, resulting in the disappearance of TCHP at the mother centriole and the promotion of ciliogenesis.^[@r122])^ The molecules involved in ubiquitin-proteasome system-mediated Ndel1 degradation remain to be identified. Albatross acts as a downstream target of CEP83 required for docking of the centrosome to the plasma membrane.^[@r153])^ Taken together, TCHP, Albatross, and Ndel1, all of which have a TPHD, may localize at either desmosomes/hemidesmosomes or the centrosome through interactions with IFs, microfilaments, and/or microtubules dependent on the context and regulate cell proliferation by regulating primary cilium formation.

7. Future directions
====================

With the rapid advance of scientific knowledge and technologies, we can begin to reveal these novel IF-associated proteins. For example, Lin *et al.*^[@r158])^ discovered that IFs, including vimentin, peripherin, and NF, interact with toxic proline-arginine poly-dipeptides, which are encoded by the C9orf72 hexanucleotide expansions frequently observed in amyotrophic lateral sclerosis (ALS), through a low complexity domain (LCD) in the head domain of IFs. Aggregation of NF is associated with various neurodegenerative diseases, including ALS.^[@r159])^ The toxic proline-arginine poly-dipeptides may cause aggregation of NF through interaction with the LCD.

Mutations in genes coding IFs are associated with more than 80 human diseases.^[@r160]--[@r162])^ There is an urgent and growing need for the development of therapeutic drugs that target these diseases caused by dysfunction of IFs. Several drugs can ameliorate the abnormal phenotypes arising from dysfunction of IFs. For example, sulforaphane ameliorated skin blistering in K14-knockout mice and abnormal thickening of the palms and soles in K16-knockout mice.^[@r163]--[@r165])^ Sulforaphane suppresses Keap1, a negative regulator of Nrf2, resulting in activation of Nrf2-dependent K16 and K17 expression.^[@r163]--[@r168])^ PKC412, a pan-kinase inhibitor, reverted the disrupted keratin filament network caused by a R90C mutation in K18 by promoting dephosphorylation of non-muscle myosin heavy chain IIA (NMHC-IIA) and the association between NMHC-IIA and K8/K18, resulting in stabilization of the keratin filament network.^[@r169])^ FiVe1 selectively and irreversibly inhibited the proliferation of mesenchymally transformed breast cancer cells and soft tissue sarcoma cells by causing mitotic catastrophe through its promotion of vimentin filament disorganization.^[@r170])^ Image-based high-throughput screening revealed that simvastatin, one of the most commonly used drugs for hypercholesterolemia, induced apoptosis of vimentin-positive cancer cells by promoting disorganization of vimentin filaments.^[@r171])^

Zebrafish is widely recognized as a useful tool for examining the associations between genes and drugs and assessing the therapeutic and toxicological effects of drugs *in vivo*.^[@r124],[@r172]--[@r175])^ It was demonstrated that knock-in of a desmin mutation into zebrafish caused disorganization of their cardiac and skeletal muscles and that doxycycline could ameliorate these abnormal phenotypes.^[@r176])^ Combined with genome-editing technology such as CRISPR/Cas9, zebrafish has also been successfully used to examine the complex phenotypes caused by impaired primary cilia.^[@r124],[@r177])^

Further studies are necessary to completely elucidate the regulation and function of IFs and IF-associated proteins. For example, TCHP binds to and activates AurA at the centrosome, resulting in the suppression of primary cilium assembly and cell cycle progression.^[@r119],[@r121],[@r124])^ The downstream targets of AurA, however, remain largely elusive.^[@r125])^ It has also been shown that IFs and IF-associated proteins can regulate cell differentiation.^[@r08],[@r13],[@r15],[@r178])^ The complete picture of how IFs and IF-associated proteins regulate cell differentiation remains to be fully elucidated. Clarification of these molecular mechanisms facilitates the development of novel treatment strategies against various diseases caused by the impairment of IFs and IF-associated proteins.
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![Compromised IF phosphorylation leads to defective cytokinesis, tetraploidy, and aneuploidy. From anaphase to telophase, Rho kinase and Aurora B kinase phosphorylate type III IFs, leading to local IF depolymerization and cytokinesis. When this phosphorylation is compromised, unusual long bridge-like IF structures are formed, leading to cytokinetic failure and tetraploidy, a condition in which cells have four homologous sets of chromosomes. Mitosis of tetraploid cells frequently causes lagging chromosomes through merotelic attachment, resulting in aneuploidy, a deviation from a multiple of the haploid chromosome number in which some of the chromosomes are missing or present in excess. Aneuploidy is frequently observed in cancer cells and senescent cells.](pjab-95-479-g001){#fig01}

![Trichoplein promotes cell proliferation through suppression of ciliogenesis in the presence of EGF. A) EGF activates USP8 through phosphorylation. Activated USP8 deubiquitinates and stabilizes trichoplein at the mother centriole. Trichoplein suppresses ciliogenesis through activation of Aurora A kinase, which stimulates cell proliferation. B) In the absence of EGF signaling, USP8 is not activated. Unphosphorylated USP8 (inactive USP8) allows for the polyubiquitination of TCHP by CRL3-KCTD17, which culminates in TCHP degradation and primary cilium formation. Cell cycle arrest occurs after formation of the primary cilium.](pjab-95-479-g002){#fig02}
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